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A B S T R A C T 

Stellar candidates in the Ursa Minor (UMi) dwarf galaxy have been found using a new Bayesian algorithm applied to Gaia 

EDR3 data. Five of these targets are located in the extreme outskirts of UMi, from ∼5 to 12 elliptical half-light radii ( r h ), where 
r h (UMi) = 17.32 ± 0.11 arcmin, and have been observed with the high-resolution Gemini Remote Access to CFHT ESPaDOnS 

Spectrograph at the Gemini North telescope. Precise radial velocities ( σ RV 

< 2 km s −1 ) and metallicities ( σ[Fe / H] < 0 . 2 dex) 
confirm their memberships of UMi. Detailed analysis of the brightest and outermost star (Target 1, at ∼12 r h ), yields precision 

chemical abundances for the α (Mg, Ca, and Ti), odd-Z (Na, K, and Sc), Fe-peak (Fe, Ni, and Cr), and neutron-capture (Ba) 
elements. With data from the literature and APOGEE data release 17, we find the chemical patterns in UMi are consistent with 

an outside-in star-formation history that includes yields from core-collapse supernovae, asymptotic giant branch stars, and Type 
Ia supernovae. Evidence for a knee in the [ α/Fe] ratios near [Fe/H] ∼ −2.1 indicates a low star-formation efficiency similar to 

that in other dwarf galaxies. Detailed analysis of the surface number density profile shows evidence that UMi’s outskirts have 
been populated by tidal effects, likely as a result of completing multiple orbits around the Galaxy. 

Key words: stars: abundances – stars: Population II – galaxies: dwarf – galaxies: evolution – galaxies: formation – galaxies: 
individual: Ursa Minor. 
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 I N T RO D U C T I O N  

ambda-cold dark matter ( � -CDM) predicts that massive galaxies 
row from the accretion of smaller systems (e.g. White & Rees
978 ; Frenk et al. 1988 ; Navarro, Frenk & White 1997 ). Therefore,
alaxies are expected to be surrounded by extended ‘stellar haloes’ 
uilt from disrupted systems (e.g. Helmi 2008 ). A stellar halo is
learly observed in large galaxies like the Milky Way; ho we ver, they
emain elusive and poorly studied in dwarf galaxies (Deason et al. 
022 , and references therein). One reason is likely that the fraction
f stellar mass assembled through mergers is reduced at the dwarf 
alaxy mass scales, where in situ star formation dominates (e.g. 
enel et al. 2010 ). 
Given their shallow gravitational potential, faint dwarf galaxies are 

lso susceptible to internal processes, such as star formation and the 
ubsequent stellar feedback (e.g. El-Badry et al. 2018 ); and external, 
 E-mail: sestitof@uvic.ca 
 Visiting astronomer at the Universit ́e de Montr ́eal, Complexe des Sciences, 
ontr ́eal, QC H2V 0B3, Canada. 
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uch as mergers (e.g. Deason, Wetzel & Garrison-Kimmel 2014 ), 
am pressure stripping (e.g. Grebel, Gallagher & Harbeck 2003 ) and
tirring (e.g. Kazantzidis et al. 2011 ), tidal interaction (e.g. Fattahi
t al. 2018 ), and re-ionization (e.g. Wheeler et al. 2019 ). All of
hese processes may act to influence their individual morphologies 
e.g. Higgs et al. 2021 , and references therein). Signatures of these
echanisms will be most evident in the outskirts ( �4 r h ) of a dwarf

alaxy, where accreted remnants can show-up as an excess of stars
 v er and abo v e e xpectations from a simple single-component model
akin to a stellar halo in a more massive galaxy). 

Only in the past few years, with the advent of the exquisite Gaia
strometric and photometric data, it has become possible to find 
tars in the extreme outskirts of dwarf galaxies. Chiti et al. ( 2021 )
dentified member stars up to ∼9 half-light radii ( r h ) away from
he centre of the f aint dw arf galaxy, Tucana II, suggesting that
he outskirts originated from a merger or a bursty stellar feedback;
ilion & Wyse ( 2021 ) and Longeard et al. ( 2022 ) analysed the chemo-
ynamical properties of Bo ̈otes I, proposing that the system might
ave been more massive in the past and that tidal stripping has
ffected the satellite; Yang et al. ( 2022 ) analysed the extent of the
ed giant branch of Fornax and identified a break in the density

http://orcid.org/0000-0002-3182-3574
http://orcid.org/0000-0003-4134-2042
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Table 1. Galactic parameters of UMi. The coordinates α, δ, the mean 
metallicity, the mean RV, the velocity dispersion, the heliocentric distance 
D �, the ellipticity, the position angle φ and the half-light radius r h in arcmin 
and pc, the mean proper motion from Gaia EDR3, the dynamical mass, the 
mass density, and the luminosity are reported with the respective references. 
(a) refers to McConnachie ( 2012 ), (b) to McConnachie & Venn ( 2020b ), (c) 
to McConnachie & Venn ( 2020a ), (d) to Qi et al. ( 2022 ), and (e) to Mateo 
( 1998 ). 

Property Value Reference 

α 227.2854 deg (b) 
δ 67.2225 deg (b) 
[Fe / H] −2.13 ± 0.01 (b) 
RV 246.9 ± 0.1 km s −1 (b) 
σV 9.5 ± 1.2 km s −1 (b) 
D � 76 ± 10 kpc (a) 
Ellipticity 0.55 ± 0.01 (b) 
φ 50 ± 1 deg (b) 
r h 17.32 ± 0.11 arcmin (b) 
r h 382 ± 53 pc (b) 
r h, plummer 407 pc (d) 
μαcos δ −0.124 ± 0.004 mas yr −1 (c) 
μδ 0.078 ± 0.004 mas yr −1 (c) 
M dyn ( ≤ r half ) 9 . 5 × 10 6 M � (a) 
Mass density 0 . 35 M � pc −3 (e) 
L 0.29 × 10 6 L � (e) 
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istribution, which they interpret as the presence of an extended
tellar halo up to a distance of 7 half-light radii; Longeard et al.
 2023 ) found new members in Hercules up to ∼10 half-light radii,
nd noted that the lack of a strong velocity gradient argued against
ngoing tidal disruption; Sestito et al. ( 2023b ) found new Sculptor
embers up to 10 r h , and proposed that the system is perturbed by

idal effects; Waller et al. ( 2023 ) discussed that the chemistry of the
utermost stars in Coma Berenices, Ursa Major I, and Bo ̈otes I is
onsistent with their formation in the central regions, then moving
hem to their current locations, maybe through tidal stripping and/or
upernovae (SNe) feedback. 

In this paper, we explore the outer most regions of Ursa Minor
UMi). UMi is historically a well-studied system. The system is
t the low-end of the classical dwarf galaxies in terms of stellar
ass ( ∼2.9 · 10 5 M �, e.g. McConnachie 2012 ; Simon 2019 ). Some

ontro v ersies remain regarding the star-formation history (SFH) and
ts efficienc y. F or e xample, Carrera et al. ( 2002 ) suggested that up to

95 per cent of UMi stars are older than 10 Gyr , in voking an episodic
FH at early times. This is based on studies of its colour–magnitude
iagram (CMD, e.g. Mighell & Burke 1999 ; Bellazzini et al. 2002 ).
ther models interpreted the chemical properties of UMi as due to

xtended SFH, from 3.9 and 6.5 Gyr (Ikuta & Arimoto 2002 ; Ural
t al. 2015 ). Kirby et al. ( 2011 , 2013 ) matched the wide metallicity
istribution function (MDF) of UMi with a chemical evolution model
hat includes infall of gas. 

In addition, Ural et al. ( 2015 ) developed three chemical evolution
odels, showing that winds from SNe are needed to describe UMi’s
DF, especially to reproduce stars at higher metallicities. The

uthors underline that winds help to explain the absence of gas at
he present time. In agreement with Ikuta & Arimoto ( 2002 ), their

odels use an extended lo w-ef ficiency SFH duration (5 Gyr, Ural
t al. 2015 ). 

Finally, the � -CDM cosmological zoom-in simulations developed
y Re v az & Jablonka ( 2018 ) found that the star formation and
hemical evolution of UMi can be explained. In particular, when Type
a supernovae (SNe Ia) and Type II supernovae (SNe II) events are
aken into account with thermal blastwave-like feedback (Re v az &
ablonka 2018 , and references therein), then they can reproduce the
bserved distribution in metallicity, [Mg/Fe], and the radial velocity
RV) dispersion invoking a short star formation of only 2.4 Gyr. 

From high-resolution Gemini Remote Access to CFHT ES-
aDOnS Spectrograph (GRACES) spectroscopy of five outermost
tars in UMi, we revisit the chemo-dynamical evolution of this
lassical dwarf galaxy. Our results, combined with spectroscopic
esults for additional stars in the literature, are used to discuss the
xtended chemical and dynamical evolution of UMi. 

This paper is organized as follows. The target selection, the
bservations, and the spectral reduction are reported in Section 2 .
tellar parameters are inferred in Section 3 . The model atmosphere
nd chemical abundance analysis for the most distant UMi star
Target 1) are reported in Sections 4 and 5 , respectively. Section 6
escribes the measurement of [Fe/H] using Ca Triplet lines for
arget 2–5. The chemo-dynamical properties of UMi are discussed in
ection 7 . Appendix A reports the inference of the orbital parameters
f UMi. 

 DATA  

.1 Target selection 

 first selection of candidate member stars for spectroscopic follow-
p is made using the algorithm described in Jensen et al. ( 2023 ) .
NRAS 525, 2875–2890 (2023) 
imilarly to its predecessor, described in McConnachie & Venn
 2020b ), this algorithm is designed to search for member stars in
 given dwarf galaxy by determining a probability of membership
o the satellite. The probability of being a satellite member, P sat ,
s composed by three likelihoods based on the system’s (1) CMD,
2) systemic proper motion, and (3) the projected radial distance
rom the centre of the satellite, using precise data from Gaia EDR3
Gaia Collaboration 2021 ). A notable impro v ement to the algorithm
n Jensen et al. ( 2023 ) is the model for the spatial likelihood. The
tellar density profile of a dwarf can often be approximated by a
ingle exponential function (see McConnachie & Venn 2020b ). In
rder to search for tidal features or extended stellar haloes, the spatial
ikelihood in Jensen et al. ( 2023 ) assumes that each system may host a
econdary, extended, and lower density, outer profile. Only a handful
f systems are found in their work to host an outer profile, a few
f which are already known to be perturbed by tidal effects (e.g.
ootes III and Tucana III). Also shown in their work, UMi is a

ystem for which a secondary outer profile is observed, indicating
ither an extended stellar halo or tidal features. This algorithm has
ro v ed useful to identify new members in the extreme outskirts of
ome ultra-faint and classical dwarf galaxies (Sestito et al. 2023b ;
aller et al. 2023 ) and ef fecti v ely remo v es Milk y Way fore ground

ontamination. 
We selected stars with a high probability ( > 80 per cent) of being

ssociated to UMi, and at a distance greater than 5 half-light radii
 � 85 arcmin or � 2 kpc) from the centre of the dwarf. This included
ve red giants with magnitudes in the range 17.4 ≤ G ≤ 18.3 mag

n the Gaia EDR3 G band. The brightest target is also the farthest in
rojection, reaching an extreme distance of 11.7 half-light radii from
he centre of UMi. Our other four targets, at a distance of 5.2–6.3 r h ,
re also listed as highly likely UMi candidates by Qi et al. ( 2022 ,
ith a probability > 90 per cent). The main properties of UMi and
ur five targets are reported in Tables 1 and 2 , respectively. 
The position of our five candidates, together with other known

Mi members, is shown in Fig. 1 in projected sky coordinates, on



Extreme outskirts of Ursa Minor 2877 

Table 2. The Gaia EDR3 source ID, the coordinates ( α, δ), the projected coordinates ( ξ , η), the elliptical radius distance r ell in r h unit, the probability to be a 
member from Jensen et al. ( 2023 ), the Gaia EDR3 photometry G and BP − RP , and the reddening A V from Schlafly & Finkbeiner ( 2011 ) are reported for each 
target. 

Target Source ID α δ ξ η r ell P sat G BP − RP A V 

(deg) (deg) (deg) (deg) ( r h ) (mag) (mag) (mag) 

Target 1 1647329728514964352 234.45 303 69.29 204 2.53 226 2.21 888 11.67 0.80 17.39 1.29 0.08 
Target 2 1693464785444020224 224.67 731 67.35 983 −1.00 378 0.15 842 6.34 0.97 17.83 1.19 0.06 
Target 3 1693573430936780032 226.08 983 67.77 965 −0.45 214 0.56 153 5.55 0.96 17.91 1.19 0.05 
Target 4 1669324938936435200 224.50 756 66.21 361 −1.12 033 −0.98 413 5.17 0.94 18.25 1.17 0.06 
Target 5 1645948119139534336 230.43 949 68.29 581 1.16 629 1.10 328 5.60 0.92 18.29 1.17 0.06 

Figure 1. UMi seen through Gaia EDR3. All the panels: Target 1 is marked with a red diamond, while black diamonds are Target 2–5. Magenta circles are 
UMi literature stars from Spencer et al. ( 2018 ) and Pace et al. ( 2020 ). Blue squares are UMi stars selected from APOGEE DR17. Milky Way foreground stars 
are marked with grey small dots. These are selected from Gaia EDR3 in the direction of UMi and within the field of view of the η − ξ panel. Left-hand panel: 
Projected sky coordinates and projected distance from UMi centre. The orange ellipses denote the elliptical distances from UMi centre of 3, 5, 7, and 11 r h . The 
arrow points in the direction of UMi proper motion. Central panel: CMD. Dark green-dashed line is a P ado va isochrone at [Fe/H] = −2.0 and age of 12 Gyr 
(Bressan et al. 2012 ). Right-hand panel: Proper motion space. 
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he CMD, and in proper motion space. This shows that our algorithm
s able to select new candidate members even in the very outskirts of
he system. 

We also gather UMi members from Spencer et al. ( 2018 ), Pace et al.
 2020 ), and from the APOGEE data release 17 (DR17, Abdurro’uf
t al. 2022 ) for Fig. 1 , and cross-match with Gaia EDR3 to retrieve
oordinates, proper motion, and photometry. Our selection algorithm 

as also applied to the APOGEE DR17 targets to select stars with
igh membership probability ( > 70 per cent) and high signal-to-noise
atio (SNR) in their spectra (SNR > 70). Surprisingly, two stars from
POGEE DR17 have an elliptical distance of ∼7 r h . The [Fe/H]
alues for those two stars are at the edge of the metallicity grid of
POGEE ([Fe/H] ∼ −2.4); thus, while their RV measurements are 
recise, their true [Fe/H] could be lower, in turn affecting their [X/Fe]
atios. 

.2 GRACES obser v ations 

he five targets were observed with the GRACES (Chene et al. 
014 ; Pazder et al. 2014 ) using the 2-fibre (object + sky) mode with a
esolution of R ∼ 40000. GRACES consists a 270-m optical fibre that 
onnects the Gemini North telescope to the Canada–France–Hawaii 
elescope ESPaDOnS cross-dispersed high-resolution échelle spec- 
rograph (Donati et al. 2006 ). The spectral co v erage of GRACES is
rom 4500 to 10 000 Å (Chene et al. 2014 ). The targets were observed
s part of the GN-2022A-Q-128 program (P.I.: F. Sestito). 
For the brightest tar get (Tar get 1, G = 17.4 mag), which is also
he farthest one from the centre ( ∼11.7 r h ), we obtained a spectrum
ith SNR per resolution element of ∼30 at the Ba II 6141- Å region.
his spectrum has sufficient SNR to measure the abundances for 
dditional elements, specifically the α (Mg, Ca, and Ti), odd-Z (Na, 
, and Sc), Fe-peak (Fe, Cr, and Ni), and neutron-capture process

Ba) elements across the entire GRACES spectral co v erage. We
efer to this observational set-up as the ‘high-SNR mode’. For the
emaining four targets, which have distances from 5 to 7 r h , a SNR
er resolution element of ∼20 in the Ca II T region ( ∼8550 Å)
as obtained for precise RVs and metallicities. In this ‘low-SNR 

ode’, the metallicities are derived from the equi v alent width (EW)
f the near-infrared Ca II T, as described in Section 6 . Observing
nformation is summarized in Table 3 , including the SNR measured
t the Mg I b, Ba II 614 nm, and Ca II T regions. 

.3 Spectral reductions 

he GRACES spectra were first reduced using the Open source 
ipeline for ESPaDOnS Reduction and Analysis (Martioli et al. 
012 ) tool, which also corrects for heliocentric motion. Then the
educed spectra were post-processed following an updated procedure 
f the pipeline described in Kielty et al. ( 2021 ). The latter pipeline
llows us to measure the RV of the observed star, to co-add multiple
bservations, to check for possible RV variations, to correct for 
he motion of the star, and to eventually re-normalize the flux.
MNRAS 525, 2875–2890 (2023) 
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M

Table 3. Total exposure time, number of exposures, SNR measured at the 
Mg I 518 nm, Ba II 614 nm, and Ca II 850 nm regions, and the observation 
dates are reported for each target. The SNR is defined as the ratio between 
the median flux and its standard deviation in given spectral region. 

Target t exp N exp SNR SNR SNR Obs. date 
(s) @Mg I b @Ba II @Ca II T YY/MM/DD 

Target 1 14 400 6 9 27 37 22/06/18 
Target 2 1800 1 5 12 17 22/03/14 
Target 3 1800 1 1 6 8 22/03/14 
Target 4 2400 1 2 6 11 22/06/17 
Target 5 2400 1 1 5 10 22/06/17 

Table 4. Stellar parameters of the five tar gets. [Fe/H] for Tar get 1 is from 

Fe I and Fe II lines, while for the other stars is from Ca II Triplet lines. 

Target RV T eff log g [Fe/H] 
(km s −1 ) (K) 

Target 1 −256.91 ± 0.05 4604 ± 94 1.15 ± 0.08 −2.09 ± 0.09 
Target 2 −265.26 ± 1.89 4771 ± 93 1.43 ± 0.07 −2.80 ± 0.34 
Target 3 −218.78 ± 1.82 4760 ± 100 1.45 ± 0.08 −2.67 ± 0.31 
Target 4 −245.63 ± 1.78 4795 ± 85 1.60 ± 0.07 −2.85 ± 0.32 
Target 5 −247.29 ± 1.63 4814 ± 100 1.61 ± 0.08 −2.31 ± 0.37 
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his procedure also impro v es the SNR in the o v erlapping spectral
rder regions without downgrading the spectral resolution. RVs are
eported in Table 4 . 

This procedure failed for one of the spectral orders of Target 1
o v ering the Mg I b region for reasons that we could not overcome
ithin the scope of this project. We therefore extracted the data for
arget 1 ourselves using DRAGRACES 1 IDL code (Chen ́e et al. 2021 ).
The final spectra for all five targets near the Na I Doublet (left-

and panel) and in the NIR Ca II Triplet (right-hand panel) regions
re shown in Fig. 2 . The quality of the spectra indicates that the
dopted exposure times were sufficient for the requested science,
.e. chemical abundances for Target 1, and [Fe/H] and RV only for
argets 2–5. 

 STELLAR  PA R A M E T E R S  

i ven the lo w SNR of our spectra, we use the InfraRed flux method
IRFM) from Gonz ́alez Hern ́andez & Bonifacio ( 2009 ) with photom-
try from Gaia EDR3 to find the ef fecti ve temperatures, adopting
he Mucciarelli, Bellazzini & Massari ( 2021 ) colour–temperature
elationship for giants. The input parameters are the Gaia EDR3
 BP − RP ) de-reddened colour and a metallicity estimate. The two-
imensional (2D) Schlafly & Finkbeiner ( 2011 ) map 2 has been used
o correct the photometry for extinction. 3 As input metallicities, we
dopt the value [Fe/H] = −2.0 ± 0.5, compatible with the metallicity
istribution in UMi. 
Surface gravities were found using the Stefan–Boltzmann equa-

ion. 4 This step required the ef fecti ve temperature, the distance of
NRAS 525, 2875–2890 (2023) 

 https:// github.com/AndreNicolasChene/DRAGRACES/releases/ tag/ v1.4 
 ht tps://irsa.ipac.calt ech.edu/applicat ions/DUST/
 To convert from the E ( B − V ) map to Gaia extinction coefficients, the 
 V / E( B − V) = 3 . 1 (Schultz & Wiemer 1975 ) and the A G / A V = 0 . 85 926, 
 BP / A V = 1 . 06 794, and A RP / A V = 0 . 65 199 relations (Marigo et al. 2008 ; 
vans et al. 2018 ) are used. 
 L � = 4 πR 

2 
� σT 4 � ; the radius of the star can be calculated from this equation, 

hen the surface gravity is inferred assuming the mass. 

a  

(  

a  

g  

5

6

7

8

he object, the Gaia EDR3 G de-reddened photometry, and the
olometric corrections on the flux (Andrae et al. 2018 ) as input. A
onte Carlo algorithm has been applied to the input parameters with

heir uncertainties to estimate the total uncertainties on the stellar
arameters. The input quantities were randomized within 1 σ using a
aussian distribution, except for the stellar mass. The latter is treated
ith a flat prior from 0.5 to 0.8 M �, which is consistent with the
ass of long-lived very metal-poor stars. The mean uncertainty on

he ef fecti ve temperature is ∼94 K, while on the surface gravity it is
0.08 dex. This method has been shown to provide reliable stellar

arameters suitable for spectroscopic studies of very metal-poor stars
e.g. Kielty et al. 2021 ; Sestito et al. 2023a ; Waller et al. 2023 ). The
tellar parameters are reported in Table 4 . 

 M O D E L  ATMO SPH ER ES  ANALYSI S  F O R  

A R G E T  1  

n this section, we describe the model atmospheres, the method, and
he atomic data for our spectral line list adopted to determine detailed
hemical abundances for Target 1. 

.1 Model atmospheres 

odel atmospheres are generated from the MARCS 

5 models
Gustafsson et al. 2008 ; Plez 2012 ); in particular, we selected the
SMARCS spherical models as Target 1 is a giant with log( g )
 3.5. An initial set of model atmospheres was generated by

arying the derived stellar parameters and metallicity [Fe/H] = −2.0
ithin their uncertainties, and adopting a microturbulence velocity

 v t = 2 . 02 km s −1 ) scaled by the surface gravity from the calibration
y Mashonkina et al. ( 2017 ) for giants. 

.2 The lines list and the atomic data 

pectral lines were selected from our previous analyses of very
etal-poor stars in the Galactic halo and other nearby dwarf galaxies

bserved with GRACES (Norris et al. 2017 ; Monty et al. 2020 ;
ielty et al. 2021 ). Atomic data are taken from LINEMAKE 6 (Placco

t al. 2021 ), with the exception of K I lines taken from the National
nstitute of Standards and Technology (Kramida et al. 2021 ). 7 

.3 Spectral line measurements 

pectral line measurements are made using spectrum synthesis,
roadened with a Gaussian smoothing kernel of full width at half-
aximum = 0.15 (which matches the resolution of the GRACES

-fibre mode spectra) in a four-step process: (1) the synthesis of the
Fe/H] lines in our initial line list (see abo v e) is carried out using
n initial model atmosphere and invoking the MOOG 

8 spectrum
ynthesis program (Sneden 1973 ; Sobeck et al. 2011 ); (2) a new
Fe/H] is determined by removing noisy lines; (3) the set of model
tmospheres is updated with the new [Fe/H] as metallicity; and
4) the chemical abundances are derived using the updated model
tmospheres and our full line list. The final chemical abundance is
iven by the average measurement in case of multiple spectral lines.
 https://marcs.astro.uu.se 
 https:// github.com/vmplacco/ linemake 
 NIST data base at ht tps://physics.nist .gov/asd . 
 https:// www.as.utexas.edu/ ∼chris/moog.html 

https://github.com/AndreNicolasChene/DRAGRACES/releases/tag/v1.4
https://irsa.ipac.caltech.edu/applications/DUST/
https://marcs.astro.uu.se
https://github.com/vmplacco/linemake
https://physics.nist.gov/asd
https://www.as.utexas.edu/~chris/moog.html
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Figure 2. GRACES spectra for the five new UMi member stars. Left-hand panel: Na I doublet region. Chemical abundance ratios are measurable only for Target 
1 given the low SNR of Targets 2–5. Right-hand panel: The second component of the Ca II Triplet. This spectral line is used to infer [Fe/H] (see Section 6 ). 
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Table 5. Chemical abundances of Target 1. The LTE and NLTE ratios are 
reported together with the σ and the number of lines for each measured 
species. For Fe and Ti, we report the number of lines relative to both the 
neutral and the single-ionized states. 

Ratio LTE σ N lines NLTE 

(dex) (dex) (dex) 

[Fe/H] −2.09 0.09 29 + 3 −1.98 
[Mg/Fe] 0.86 0.20 3 0.75 
[Ca/Fe] 0.12 0.11 13 0.07 
[Ti/Fe] 0.21 0.12 12 + 9 0.27 
[Na/Fe] −0.44 0.24 2 −0.82 
[K/Fe] 0.40 0.10 2 –
[Sc/Fe] 0.15 0.10 1 –
[Cr/Fe] −0.06 0.24 3 0.14 
[Ni/Fe] −0.04 0.18 4 –
[Ba/Fe] −1.00 0.15 2 −1.13 
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.4 Checking the stellar parameters 

xcitation equilibrium in the line abundances of Fe I is a check on
he quality of the ef fecti v e temperature. F or Target 1, the slope in
(Fe I )–excitation potential (EP) from the linear fit has a value of
0.027 dex eV 

−1 . This value is smaller than the dispersion in the
easurements of the chemical abundances ( ∼0.2 dex) over the range 

n EP ( ∼4 eV). Thus, we conclude that our ef fecti ve temperature
stimates are sufficient from the IRFM. 

Ionization balance between Fe I and Fe II is widely used as a
anity check on the surface gravity estimates (e.g. Mashonkina et al. 
017 ). Ho we v er, Karo vico va et al. ( 2020 ) have strongly advised
gainst using this method for very metal-poor giants. They used 
nterferometric observations of metal-poor stars to find radii, and 
ubsequently precise stellar parameters for a set of metal-poor 
enchmark stars. With their stellar parameters, they have found that 
eviations in Fe I –Fe II can reach up to ∼0.8 dex. This effect is the
trongest in very metal-poor cool giants (e.g. [Fe/H] < −2.0, log( g )
 3, and T eff � 5500 K), such as UMi Target 1 (see Table 4 ).

f we examine A(Fe I ) and A(Fe II ) in UMi Target 1, we find they
iffer by only 1.43 σ or 0.16 ± 0.11 dex. This value is consistent with
onization equilibrium, and also within the range in the discrepancies 
ound by Karo vico va et al. ( 2020 ) for cool giants. For these reasons,
e refrain from tuning the surface gravity based on the Fe lines. 

 C H E M I C A L  A BU N DA N C E  ANALYSIS-  
A R G E T  1  

his section describes the chemical abundances that we determine 
rom the spectrum of Target 1. This includes an application of
on-local thermodynamic equilibrium (NLTE) corrections, and a 
omparison with other UMi members and MW halo stars in the
iterature. Table 5 reports the chemical abundances in L TE, NL TE,
heir uncertainties, and the number of lines for each species. 

.1 α elements 

elements are primarily formed in the cores of massive stars and
uring the e xplosiv e phases of core-collapse supernovae (CCSNE, 
.g. Timmes, W oosley & W eaver 1995 ; Kobayashi, Karakas &
MNRAS 525, 2875–2890 (2023) 
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Figure 3. Mg I 5528 Å region. The Mg-rich spectrum of Target 1 (black solid 
line) is compared with three synthetic spectra with [Mg/Fe] = + 0.5, + 0.8, 
and + 1.0 (light blue-, yellow-, and pink-shaded areas, respectively). Synthetic 
spectra have been generated using the synth mode in MOOG (Sneden 1973 ) 
with the line list from LINEMAKE (Placco et al. 2021 ). Model atmosphere 
are from MARCS (Gustafsson et al. 2008 ; Plez 2012 ). The synthetics are 
created at the same resolution of GRACES and with the stellar parameters 
and metallicity as Target 1. 
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ugaro 2020 ). There are only three α elements with measurable
ines in our GRACES spectrum of Target 1: Mg, Ca, and Ti. The
(Mg I ) is from two lines of the Mg I Triplet ( λλ5172.684, 5183.604
) and the weaker 5528.405- Å line. We display the strong Mg lines

n Target 1 against three synthetic spectra with [Mg/Fe] = + 0.5,
 0.8, and + 1.0 in Fig. 3 . The A(Ca I ) is inferred from 13 spectral

ines, from 5588 to 6500 Å. Up to 12 and 9 lines of Ti I and Ti II
re useful to infer A(Ti I ) and A(Ti II ), respectively. The first row of
anels in Fig. 4 display the [Mg, Ca, Ti/Fe] ratios as a function of the
Fe/H]. Both the local thermodynamic equilibrium (LTE) and NLTE
nalysis are reported (see Section 5.5 ). Since both Ti I and Ti II lines
re present in the spectrum, [Ti/Fe] is the average weighted by the
umber of lines of each species. 

.2 Odd-Z elements 

dd-Z elements are excellent tracers of metal-poor CCSNe due
o the odd-even effect in the predicted yields (Heger & Woosley
010 ; Nomoto, Kobayashi & Tominaga 2013 ; Ebinger et al. 2020 ;
obayashi et al. 2020 ). Three odd-Z elements are observable in our

pectrum of Target 1: Na, K, and Sc. Sodium is measurable from
he spectral lines of the Na I doublet ( λλ5889.951, 5895.924 Å).
 I is observable with two lines at λλ7664.899, 7698.965 Å. These

ines are very close to water vapour lines of the Earth’s atmosphere;
o we ver, the R V for T arget 1 places these lines in clear windows. Sc is
easured from only one Sc II line at λλ5526.785 Å. The abundances

f K and Sc have been measured with the SYNTH configuration in
OOG , taking into account hyperfine splitting effects for Sc. The

econd row of panels of Fig. 4 shows [Na, K, Sc/Fe] (LTE for all and
lso NLTE for Na). 
NRAS 525, 2875–2890 (2023) 
.3 Fe-peak elements 

e-peak elements are important tracers of stellar evolution. At early
imes, they were produced primarily in CCSNe and then later in SNe
a events (e.g. Heger & Woosley 2010 ; Nomoto et al. 2013 ). The
e-peak elements observable in our GRACES spectra include Fe,
r, and Ni. The abundance from Fe I is from 29 lines, while A(Fe II )

s from only three lines. Our final [Fe/H] values are the average
easurements weighted by the number of lines per star. Chromium

s measured from three spectral lines of Cr I ( λλ 5296.691, 5345.796,
409.783 Å), while Nickel is found from four lines Ni I lines ( λλ

476.904, 5754.656, 6586.31, 6643.63 Å). The left-hand and central
anels of the third row of Fig. 4 show [Cr/Fe] (LTE and NLTE) and
Ni/Fe] (LTE) as a function of [Fe/H]. 

.4 Neutr on-captur e pr ocess elements 

eutron-capture elements are primarily synthesized through two
ain channels, the rapid and the slow neutron-capture processes.

f the neutron-capture time-scale is shorter than the beta-decay
ime, then rapid-process elements are formed. Conditions where
his is most likely to happen are found in CCSNe and neutron–
tar mergers. Otherwise, as in the stellar atmospheres of asymptotic
iant branch (AGB) stars, where neutron fluxes are lower and have
eaker energies, then the beta-decay time-scale is shorter, leading

o the production via the slow neutron-capture processes. The only
eutron-capture-process element present in our GRACES spectra
s Ba, with two Ba II lines ( λλ6141.73, 6496.91 Å). To infer the
(Ba II ), MOOG has been run with the synthetic configuration to

ccount for the hyperfine structure corrections. Bottom-right panel
f Fig. 4 displays [Ba/Fe] (LTE and NLTE) as a function of [Fe/H]. 

.5 NLTE corrections 

he elemental abundances in the atmospheres of very metal-poor
tars are affected by departures from LTE. Thus, the statistical
quilibrium solutions need to be corrected for radiati ve ef fects (NLTE
ffects), which can be large for some species. To correct for NLTE
ffects in Fe (Bergemann et al. 2012 ) and Na I (Lind, Bergemann &
splund 2012 ), we adopted the results compiled in the INSPECT 

9 

ata base. The NLTE corrections for Mg I (Bergemann et al. 2017 ),
a I (Mashonkina et al. 2017 ), Ti I and Ti II (Bergemann 2011 ),
nd Cr I (Bergemann & Cescutti 2010 ) are from the MPIA webtool
ata base. 10 For Ba II lines, we adopted the NLTE corrections from
ashonkina & Belyaev ( 2019 ), also available online. 11 

.6 Uncertainty on the chemical abundances 

he uncertainty on element X is given by σA(X) = δA(X) / 
√ 

N X if
he number of the measured spectral lines is N X > 5, or σA(X) =
A(Fe i) / 

√ 

N X otherwise. The terms δA(X) and δA(Fe i) include the errors
ue to uncertainties in the stellar parameters (see Table 4 ). Given
he SNR across the observed combined spectrum of Target 1, the
ncertainty on the chemical abundance ratios is in the range 0.10 ≤
[X/Fe] ≤ 0.24. This range for the uncertainty is compatible with the
nes measured by Kielty et al. ( 2021 ) and Waller et al. ( 2023 ), in
hich they use a similar observational set-up with GRACES to study

hemical abundances of very metal-poor giant stars. 

http://inspect-stars.com
http://nlte.mpia.de
http://www.inasan.ru/~lima/pristine/ba2/
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Figure 4. Chemical abundances for stars in UMi. Target 1 is marked with a red diamond (LTE) and with an orange diamond (NLTE). UMi stars from the 
high-resolution observations from literature are denoted with magenta diamonds. The literature compilation is from Shetrone, C ̂ ot ́e & Sargent ( 2001 ), Sadakane 
et al. ( 2004 ), Cohen & Huang ( 2010 ), Kirby & Cohen ( 2012 ), and Ural et al. ( 2015 ) and it is in LTE. Grey open circles mark MW halo stars compiled from 

Aoki et al. ( 2013 ), Yong et al. ( 2013 ), Kielty et al. ( 2021 ), and Buder et al. ( 2021 ). The black cross at the corner of each panel represents the typical uncertainty 
on the UMi literature chemical abundances. 
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.7 Elemental abundance compilation from the literature 

Mi is an interesting and nearby dwarf galaxy that has had e xtensiv e
bservations of stars in its inner regions. We have gathered the ele-
ental abundance results from optical high-resolution observations 

f stars in UMi from the literature, shown for comparisons in Fig. 4 .
his compilation is composed of 21 stars in total, including Shetrone 
t al. ( 2001 , four stars), Sadakane et al. ( 2004 , three stars), Cohen &
uang ( 2010 , 10 stars), Kirby & Cohen ( 2012 , one star), and Ural

t al. ( 2015 , three stars). All of these studies provide 1D LTE chemical
bundances. 

We also compare the chemistry of the stars in UMi with those
n the MW halo from a compilation including Aoki et al. ( 2013 ),
ong et al. ( 2013 ), Buder et al. ( 2021 ), and Kielty et al. ( 2021 ).
he stars from Buder et al. ( 2021 ) are from the third data release
f GALactic Archaeology with HERMES collaboration (GALAH, 
d  
e Silva et al. 2015 ; Buder et al. 2021 ). We select GALAH stars to
e in the halo, with reliable metallicities ( FLAG FE = 0 ), chemical
bundances ( FLAG X FE = 0 ), and stellar parameters ( FLAG SP = 0 ).

 META LLICITIES  F RO M  T H E  N I R  C A  I I T  

I NES  

or Targets 2–5 observed in low-SNR mode, metallicities are derived 
rom the NIR Ca II T lines. We follow the method described in
tarkenburg et al. ( 2010 ) with some minor modifications. Starting
ith their equation (A.1) 

Fe / H] = a + b · M V + c · EW 2 + 3 + d · EW 

−1 . 5 
2 + 3 + e · EW 2 + 3 · M V , (1

here M V is the absolute V magnitude of the star, EW 2 + 3 is the sum
f the EW of the Ca II λλ8542.09, 8662.14- Å lines, and a , b , c , and
 are the coefficients listed in table A.1 of Starkenburg et al. ( 2010 ).
MNRAS 525, 2875–2890 (2023) 
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Figure 5. Distribution of UMi stars. Left-hand panels: RVs (top panel) and metallicities (bottom panel) as a function of the elliptical distance. Central panel: 
Distribution of UMi stars in the [Fe/H] versus RV space and of the Besan c ¸on stellar particles (black dots). Corner plots: Histograms of the RV (top panel) and 
metallicities (right-hand panel) distributions of UMi star in blue. Besan c ¸on simulations are displayed in black. Target 1 is marked with a red diamond, while 
Target 2–5 are displayed with black diamonds. Magenta dots are the compilation of stars from Spencer et al. ( 2018 ) and Pace et al. ( 2020 ). Blue squares are 
UMi members selected from APOGEE DR17. 
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 V is deriv ed conv erting the Gaia EDR3 magnitudes to the Johnson–
ousin filter following the relation from Riello et al. ( 2021 , see their

able C.2 for the coefficients) and adopting a heliocentric distance
f 76 ± 10 kpc (e.g. McConnachie 2012 ). Our minor modification
s due to the fact that the third component of our Ca II T spectra is
ontaminated by sky lines. Therefore, EW 2 + 3 is derived assuming
hat the EW ratio between the second and the third Ca II T lines
s EW 8542 / EW 8662 = 1 . 21 ± 0 . 03, in agreement with Starkenburg
t al. ( 2010 , see their fig. B.1). The EW of the Ca II 8542- Å line is
easured using the SPLOT routine in IRAF (Tody 1986 , 1993 ), fitting

he line with multiple profiles. The median and the standard deviation
ave been adopted as final values for the EW and its uncertainty.
e perform a Monte Carlo test with 10 6 randomizations on the

eliocentric distance, the EW 8542 , the EW 8542 / EW 8662 ratio, and the
e-reddened magnitudes assuming a Gaussian distribution. The final
Fe/H] and its uncertainty are the median and the standard deviation
rom the randomizations, respectively. 

Although Starkenburg et al. ( 2010 ) pro v ed that this metallicity
alibration is reliable and compatible with high-resolution studies,
e use Target 1 to check for a possible offset in [Fe/H]. Given the
ifferent SNR between Target 1 ( ∼35 at Ca II T) and the other targets
 ∼8–15 at Ca II T), the spectrum of Target 1 has been degraded
o match the SNR of the other targets. Its metallicity from Ca II
 is [Fe/H] CaT = −2.22 ± 0.36, compatible within 0.35 σ with the
etallicity inferred from Fe lines ([Fe/H] = −2.09 ± 0.09). The SNR

f the Ca II T region in the observed spectra is sufficient to obtain
n uncertainty on the metallicity of ∼0.33 dex. Table 4 reports the
nferred metallicities together with the stellar parameters and RVs. 
NRAS 525, 2875–2890 (2023) 

d  
 DI SCUSSI ON  

n this section, we discuss the membership of the five targets observed
ith GRACES, the chemical evolution, and the chemo-dynamical
roperties of the dwarf galaxy UMi. 

.1 Fi v e new distant members of UMi 

Vs and metallicities were measured for five new targets in UMi
rom GRACES spectra, where [Fe/H] is from Fe I and Fe II lines in
ase of Target 1 (see Section 5 ), while [Fe/H] is inferred through
he NIR Ca II Triplet lines for Target 2–5 (see Section 6 ). Fig. 5
isplays the metallicities and RVs of our targets and known UMi
embers (Spencer et al. 2018 ; Pace et al. 2020 , APOGEE DR17) as
 function of their elliptical distances (left-hand panels); the [Fe/H]
ersus RV space and their histograms (central and right-hand panels).
he five targets have metallicities and RVs compatible with the UMi
istributions, therefore we identify them as new members of UMi.
t a first glance, stars in the outer region ( r ell � 4 r h ) seem to have a

arger RV dispersion; ho we ver, it is consistent within 0.8 σ to the RV
ispersion in the central regions. 
To further exclude the possibility that our UMi targets are halo

nterlopers, we examine the Besan c ¸on simulation of the MW halo
Robin et al. 2003 , 2017 ). Star particles are selected in the UMi
irection (i.e. same field-of-view as the left-hand panel of Fig. 1 )
nd nearby stars are remo v ed (heliocentric distance ≤5 kpc). This
eaves to 300 star particles. Only 39 particles inhabit the same RV −
Fe/H] range in the right-hand panels of Fig. 5 (displayed by black
ots). Within this smaller sample, three star particles have the same
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Figure 6. Chemistry of Target 1 in the CCSNe yields space. Top panel: 
Extremely metal-poor (EMP, [Fe/H] = −3.0) CCSNe yields from Nomoto 
et al. ( 2013 ). The initial mass function (‘IMF’) model (magenta line) is the 
contribution of several SNe II integrated with a Salpeter IMF. The χ2 is larger 
by a factor ∼1.5 for the IMF fit than the single case SN II. Bottom panel: 
Ultra metal-poor (UMP, [Fe/H] = −4.0) CCSNe from Ebinger et al. ( 2020 ) 
in the proton number range as top panel. The legend indicates the model’s 
name, in which the number is the progenitor’s mass in M � at its ZAMS. The 
darker the line, the heavier the mass. 
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roper motion as UMi; ho we ver, the photometry of these three star
articles is brighter by 2 magnitudes in the G band from members
f UMi at the same colour BP − RP . Therefore, the Besan c ¸on MW
alo simulation fails to reproduce our observed quantities for stars 
n UMi (spatial coordinates, proper motion, CMD, RV, and [Fe/H]). 
his supports our conclusion that Targets 1–5 are new UMi members, 
nd not foreground stars. We notice from Fig. 4 that Target 1 stands
ut in [Ba/Fe] with unusually low Ba for a star with similar [Fe/H] in
he MW. This is a very rare occurrence in the MW, which strengthen
he hypothesis that Target 1 is a new UMi member. 

.2 Chemical evolution of UMi 

.2.1 The chemistry of Target 1 

he detailed chemistry of Target 1 may provide a glimpse into the
arly star-formation events in UMi, depending on its age and how 

t was mo v ed to the outermost regions of this satellite galaxy. One
ossibility is that it may have formed just after the contributions from
Ne II and was exiled by early SNe feedback and/or tidal forces from
ericentric passage(s) with the Galaxy (see Section 7.3.2 ). 
Target 1 has a low [Ba/Fe] and it is also lower in [Na, Ca/Mg]

anticipating Fig. 7 ) than the other stars in UMi and the MW (Fig.
 ). A similar abundance pattern has been found in some stars in
oma Berenices (Frebel & Bromm 2012 ), Segue 1 (Frebel, Simon &
irby 2014 ), Hercules (Koch et al. 2008 , 2013 ; Fran c ¸ois et al. 2016 ),

nd in the Milky Way (e.g. Sitnova et al. 2019 ; Kielty et al. 2021 ;
estito et al. 2023a ). This has been interpreted as contribution from
nly one or a few early CCSNe II, known as the ‘one-shot’ model
Frebel & Bromm 2012 ). To test this hypothesis, we explore a
ariety of low-mass, low-metallicity CCSN models to compare their 
redicted yields to our chemical abundances in Target 1. 
Various yields of SNe II are on the market. In Fig. 6 , we compare

he chemistry of Target 1 against the widely used faint SNe II yields
rom Nomoto et al. ( 2013 , hereafter NKT13 ) and the more recent
ields for ultra-metal-poor stars from Ebinger et al. ( 2020 , hereafter
20 ). Both sets of models are non-rotating; ho we ver, the yields from
20 reach heavier elements (up to proton number 60, compared 
ith only 32 from NKT13 ). Another difference is how the energy of

he SNe explosion is parametrized. While NKT13 fixed the energy 
o the value of 10 51 erg, this is treated as a free parameter by E20 ,
hich spans 0.2–2.0 × 10 51 erg, and varies with the progenitor mass.
he spatial symmetry of the explosion is also modelled differently. 
KT13 employed a mixing and fallback model, which implies the 
resence of polar jets and fallback material around the equatorial 
lane, whereas E20 adopted spherical symmetry. 
When comparing the yields from NKT13 with Target 1, the chem- 

stry of this star is sufficiently well described by pollution from a low-
ass faint CCSNe ( � 30 M �). Taking the integrated contribution of

everal SNe II over a standard Salpeter IMF provides a worse fit
o the Target 1 chemical properties (magenta line in Fig. 6 ). This
einforces the hypothesis that Target 1 was born from gas polluted 
y approximately one SN, as in the ‘one shot’ model. A comparison
ith the yields from E20 for even lower metallicity CCSNe is worse.
heir predictions at all masses are higher for the majority of elements,
nd the predicted odd-even effect is even stronger. 

Finally, we note that pair-instability supernovae (PISNe) are pro- 
uced by very metal-poor, very massive stars ( > 120 M �), predicted 
o be amongst the first stars. PISNe produce a strong odd-even effect
n the yields, with no neutron-capture-process elements abo v e the 

ass cut (Takahashi et al. 2018 ). The odd-even effect leads to high
Ca/Mg] and low [Na/Mg]. The chemical abundances in Target 1 do 
ot resemble the predictions for PISNe, nor do those for stars in UMi
rom the literature (see Fig. 7 ). 

.2.2 Presence of rapid and slow neutron-capture processes 

o examine the contributions from SNe II in UMi, we further examine
he distribution in [Ba/Mg] versus [Mg/H] in Fig. 8 . At very low

etallicities, if Ba is produced by the r-processes (see the re vie w
y Cowan et al. 2021 , and references therein), then a tight and flat
istribution will be visible, i.e. a Ba-floor, also shown in Mashonkina
t al. ( 2022 ). This seems to be the case for UMi stars with [Mg/H] <
2.0, including Target 1. A spread in [Ba/Mg] that is significantly

arger than a 3 σ error, and subsequent rise from a presumed Ba-
oor, is interpreted as Ba contributions from metal-poor AGB stars, 
ia slow neutron captures (s-process, e.g. Pignatari et al. 2008 ;
escutti & Chiappini 2014 ). This chemical behaviour is also visible

n the bottom panel of Fig. 8 , in which we report the [Ba/Fe] versus
Fe/H] (as in Fig. 4 ) as a check that our interpretation is not biased by
easurements of Mg. We note that Target 1 clearly separates from

he Milky Way population in Fig. 8 , which further validates that this
s not a foreground MW star. 
MNRAS 525, 2875–2890 (2023) 
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M

Figure 7. PISNe yields space. Target 1 is marked with a red and an orange 
diamond when in LTE and NLTE, respectively. The green band is the region of 
stars polluted by PISNe alone (Takahashi, Yoshida & Umeda 2018 ). The red 
zone is the locus in which the stars would have been polluted by PISNe and SN 

II as in Salvadori et al. ( 2019 ). For the latter case, we show the yields relative 
to a PISNe to SN II ratio between 0.5 and 0.9 (see fig. 6 from Salvadori et al. 
2019 ). Literature UMi stars (magenta diamonds) from Shetrone et al. ( 2001 ), 
Sadakane et al. ( 2004 ), Cohen & Huang ( 2010 ), Kirby & Cohen ( 2012 ), and 
Ural et al. ( 2015 ). Literature MW halo compilation (grey open circles) from 

Aoki et al. ( 2013 ), Yong et al. ( 2013 ), Kielty et al. ( 2021 ), and Buder et al. 
( 2021 ). The black cross at the corner represents the typical uncertainty on the 
UMi literature chemical abundances. 

 

a  

s  

C  

m  

n  

2  

l  

i

7

T  

e  

F  

f  

(  

t  

s  

t  

d  

s  

i  

C
 

t  

Figure 8. Top panel: [Ba/Mg] versus [Mg/H] space. Bottom panel: [Ba/Fe] 
versus [Fe/H] as in Fig. 4 . Target 1 is denoted with a red (LTE) and an 
orange (NLTE) diamond. Literature UMi stars (magenta diamonds) are 
from Shetrone et al. ( 2001 ), Sadakane et al. ( 2004 ), Cohen & Huang 
( 2010 ), Kirby & Cohen ( 2012 ), and Ural et al. ( 2015 ). Literature MW halo 
compilation (grey open circles) from Aoki et al. ( 2013 ), Yong et al. ( 2013 ), 
Kielty et al. ( 2021 ), and Buder et al. ( 2021 ). The black cross at the top- 
left corner represents the typical uncertainty on the UMi literature chemical 
abundances. 
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Based on an o v erabundance of [Y/Ba] observed in UMi stars
t very low metallicities, [Fe/H] < −2.5, Ural et al. ( 2015 ) have
uggested that there are also contributions from spinstars (e.g.
escutti et al. 2013 ) at the earliest epochs. Spinstars are fast rotating
assive stars (25–40 M �) that produce s-process elements from

eutron-rich isotopes in their atmospheres (e.g. Cescutti & Chiappini
014 ). Unfortunately, our GRACES spectra are insufficient (SNR too
ow for the weak Y II lines) to determine an abundance for [Y/Ba],
ncluding our spectrum of Target 1. 

.2.3 Search for contributions from SN Ia 

he contribution of SNe Ia in UMi is still under debate (e.g. Ural
t al. 2015 , and references therein). The flat distribution in the α and
e-peak elements shown in Fig. 4 is consistent with no contributions
rom SN Ia, with the exception of the most metal-rich star, COS171
Cohen & Huang 2010 ). While this lone star might draw the eye
o the conclusion of a possible α-knee (i.e. the rapid change in the
lope of the α elements from a plateau to a steep decrease), it is
he [Na, Ni/Fe] (and likely [Ti, Sc/Fe]) ratios that fa v our the steep
ecrease, and suggest the presence of contributions from SN Ia. In
upport, McWilliam et al. ( 2018 ) analysed COS171 and found that
ts [Mn, Ni/Fe] ratios do indicate SN Ia contributions, from sub-
handrasekhar-mass degenerate white dwarfs, i.e. ∼0 . 95 M �. 
To further investigate the contributions from SNe Ia, we explore

he data for stars in UMi from APOGEE DR17 (Abdurro’uf et al.
NRAS 525, 2875–2890 (2023) 
022 ), 12 along with data from optical analyses in the literature (see
ection 5.7 ). We compare [Mg/Fe] and [O/Fe] abundances with
etallicity in Fig. 9 between stars in UMi and stars in the MW halo

from the GALAH surv e y, Buder et al. 2021 ). Mg and O are amongst
he most reliable α-element abundance indicators, although O can

https://www.sdss4.org/dr17/irspec/abundances
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Figure 9. UMi chemical abundances from APOGEE DR17 (Abdurro’uf 
et al. 2022 ). Blue squares are stars from APOGEE with high SNR ( > 70) 
and very likely to be UMi members (Psat > 70 per cent) according to our 
algorithm. UMi stars from the literature are marked with magenta squares, 
while magenta triangles denote their upper limits. Target 1 is marked with a 
red (LTE) and orange (NLTE) diamond. Cyan open circles are MW stars from 

APOGEE with high SNR ( > 70) and good Gaia EDR3 parallax measurements 
(  / δ 

> 15). Grey open circles are MW stars from GALAH (Buder et al. 
2021 ) selected as in Fig. 4 . Typical uncertainties are denoted with blue and 
magenta crosses for APOGEE (infrared NLTE) and literature stars (high- 
resolution optical LTE), respectively. An offset in [Mg/Fe] between the optical 
LTE and infrared NLTE measurements is under investigation by the APOGEE 

team (Shetrone et al., in preparation). 
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13 A deeper analysis of the APOGEE spectra in terms of the chemo-dynamical 
analyses of dwarf galaxies is currently under investigation (Shetrone et al., 
in preparation). That study will also explore any offsets between optical and 
infrared measurements, e.g. for [Mg/Fe] as seen in Fig. 9 . 
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e challenging in the optical (e.g. very weak [O I ] lines at λλ6300,
363 Å, or strong [O I ] T lines that suffer from large NLTE effects
t λλ7772, 7774, 7775 Å). With the addition of reliable [O/Fe] from
POGEE, the presence of a plateau up to [Fe/H] � −2.1 followed
y a steeper decrease, i.e. a knee, is more clearly seen. APOGEE
Mg/Fe] results also show a steep decrease, 13 indicating the presence 
f SN Ia contributions. 
The metallicity at which the knee occurs ([Fe/H] knee ), is correlated

ith the time when SNe Ia begin to contribute to the chemical
volution of a galaxy. This time is also dependent on the star-
ormation efficiency, which is expected to be lower in dwarf galaxies
e.g. Matteucci 2003 ; Tolstoy, Hill & Tosi 2009 ). Recently, Theler
t al. ( 2020 ) have suggested that the slope of the knee-decrease is
o v erned by the balance between the amount of metals ejected by
Ne Ia versus SNe II; a smaller slope indicates an extended star
ormation rather than a sharply quenching galaxy. 

On the theoretical side, Re v az & Jablonka ( 2018 ) developed
osmological zoom-in simulations that are able to reproduce most 
f the observable quantities of dwarf galaxies, e.g. velocity disper- 
ion profiles, SFHs, stellar metallicity distributions, and [Mg/Fe] 
bundance ratios. The FIRE simulations (e.g. Hopkins et al. 2014 )
ave also been used to (1) reproduce the SFHs of the MW satellites
Escala et al. 2018 ), and (2) reproduce the properties and numbers
f ultra-f aint dw arf galaxies (Wheeler et al. 2015 ). These models
uggest that a higher [Fe/H] knee is attained when the star formation is
ore efficient and the system can retain the metals. Given the value

f [Fe/H] knee ∼ −2.1, then the low star-formation efficiency of UMi 
ppears to be similar to measurements in other dwarf galaxies (e.g.
olstoy et al. 2009 ; Simon 2019 ; Reichert et al. 2020 ), and much less
fficient than in the MW, where [Fe/H] knee ∼ −0.5, (e.g. Venn et al.
004 ; Haywood et al. 2013 ; Buder et al. 2021 ; Recio-Blanco et al.
023 ). 

.3 An extended ‘stellar halo’ and tidal effects 

reviously, it was shown that UMi is more elongated ( εUMi = 0.55)
han other classical satellites ( ε < 0.45, Mu ̃ noz et al. 2018 ). The most
istant member had been located near ∼5.5 r h . With our results, UMi
xtends out to a projected elliptical distance of ∼12 r h , or ∼4.5 kpc
projected) from its centre. This distance is close to the tidal radius
nferred by Pace et al. ( 2020 ), i.e. 5–6 kpc. 

Errani et al. ( 2022 ) analysed the dynamical properties of many
atellites of the MW in terms of their dark matter content and
istribution. The authors show that the dynamical properties of UMi 
re compatible with � -CDM model if tidal stripping effects are taken
nto account. The finding of a member at ∼12 r h and the multiple
pocentric and pericentric passages reinforce the idea that UMi is 
trongly dominated by tidal stripping. In fact, as shown in the left-
and panel of Fig. 1 , the proper motion of UMi is almost parallel
o the semimajor axis of the system. Alternatively, SNe feedback 
an play a role in pushing members to the extreme outskirts of their
ost galaxy. These scenarios have also been proposed to explain the
xtended structure of Tucana II ultra-faint dwarf galaxy (Chiti et al.
021 ). The authors discuss a third possible scenario which involves
ergers of ultra-faint dwarf systems. We discuss and rule out the
erger hypothesis for UMi in Section 7.3.1 . 

.3.1 Outside-in star formation versus late-time merger 

ace et al. ( 2020 ) measured RVs and metallicities of likely UMi
embers selected from Gaia DR2 within 2 half-light radii. They 
MNRAS 525, 2875–2890 (2023) 
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Figure 10. Top panel: Surface density distribution �. Central panel: Depar- 
ture from the exponential fit. Bottom panel: Logarithmic deri v ati ve of the 
surface density, �. UMi candidate members from Jensen et al. ( 2023 ) are 
marked with blue circles. Models from Pe ̃ narrubia, Navarro & McConnachie 
( 2008 , hereafter P08 ) are denoted with a dashed line (no tide) and with a 
dash–dotted line (model relative to a first apocentric passage). Red line is the 
exponential fit to Jensen et al. ( 2023 ) data. Black and red ticks in the top panel 
mark the position of the five targets (Target 1 in red). 
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nterpreted the spatial distribution of the stars as composed of
wo populations with different chemo-dynamical properties: a more
etal-rich ( [Fe / H] = −2 . 05 ± 0 . 03) kinematically colder ( σRV =
 . 9 ± 0 . 8 km s −1 ) and centrally concentrated ( r h = 221 ± 17 pc)
opulation and a metal-poor hotter and more extended ( [Fe / H] =
2 . 29 ± 0 . 05, σRV = 11 . 5 ± 0 . 9 km s −1 , and r h = 374 ± 49 pc)

opulation. Pace et al. ( 2020 ) discussed that the two metallicity
istributions in UMi are much closer than in other dwarf spheroidal
alaxies (dSphs) found so far. 

Ben ́ıtez-Llambay et al. ( 2016 ), Genina et al. ( 2019 ), and Chung
t al. ( 2019 ) have proposed that dw arf–dw arf mergers may be the
ause of the multiple populations in dSphs. Therefore, Pace et al.
 2020 ) concluded that UMi underwent a late-time merger event be-
ween two dwarfs with very similar chemical and physical properties.
o we ver, Genina et al. ( 2019 ) also pointed out that kinematic and

patial information alone are insufficient to disentangle the formation
echanisms of multipopulations. Additional evidence from precise

hemical abundances and SFHs are needed, data that were not
ncluded in the study by Pace et al. ( 2020 ). 

In this paper, we propose an alternative scenario to explain the
hemo-dynamical properties of the two populations in UMi. An
utside-in SFH can also be used to describe the properties of low-
ass systems, such as dwarf galaxies (Zhang et al. 2012 ). Briefly, the

xtended metal-poor population ([Fe/H] � −2.0) formed everywhere
n the dwarf, such that the relatively younger stars populate the
entre of the galaxy at times when SNe Ia begin to contribute (e.g.
idalgo et al. 2013 ; Ben ́ıtez-Llambay et al. 2016 ). This enhances the
etallicity only in the central region, giving the galaxy a non-linear
etallicity gradient. 
In support of our simpler interpretation, the distributions in the

hemical elements o v er a wide range in metallicity suggests a
ommon path amongst the stars in UMi. UMi stars are polluted
y low-mass CCSNe (e.g. their low [Ba/Fe, Mg] and [Na, Ca/Mg]),
hey show a SNe Ia knee at [Fe/H] ∼ −2.1 and a contribution from
GB is also visible in the more metal-rich stars, and they display a

ow dispersion in [Ca/Mg] from star to star o v er 2 de x in metallicity.
Furthermore, Re v az & Jablonka ( 2018 ) used a cosmological zoom-

n simulation to show that the kinematics in UMi is consistent with
ecular heating in the central region of the satellite without invoking
ate-time mergers. Thus, a more simple scenario of outside-in star
ormation is consistent with the chemical, structural, and kinematic
roperties of UMi, and we suggest these do not necessarily require a
ate-time merger event. 

.3.2 Tidal perturbations in UMi 

o examine if the tidal scenario is the main culprit of the extended
tellar halo, candidate members of UMi from the algorithm of Jensen
t al. ( 2023 ) are used. These have been selected with a total probability
see Section 2.1 ) of membership > 30 per cent. To be noted, the
lgorithm is very efficient in removing foreground contaminants,
howing their probabilities is confined to � 15 per cent. Additionally,
ainter stars than G = 19.5 mag have been removed, since their Gaia
roper motion is less reliable. 
The surface number density profile � and its logarithmic deri v ati ve
 are derived and compared against numerical simulations. If
nperturbed dwarf galaxies are well represented by an exponential
rofile (e.g. McConnachie & Venn 2020b ), the chance of detecting
tars as far out as 10 half-light radii from the centre would be
egligible. Top and central panels of Fig. 10 clearly show that the
urface density of the candidate members (blue circles) shows a large
NRAS 525, 2875–2890 (2023) 
xcess in the outer regions over an exponential profile (solid red line).
ndeed, the surface density at the farthest distance bin is 10 4 larger
han the exponential (central panel). 

Is this excess mainly driven by Galactic tidal perturbation? Tides,
oving stars to the outer region of a system, would affect the surface

umber density distribution. Signatures of a tidal perturbation are
est recognized in its logarithmic deri v ati ve, � = d log �/ d log r,
hich is displayed, as a function of radius, in the bottom panel of
ig. 10 . Stars affected by tidal perturbation would gain energy and
o v e outwardly, forming an excess over the exponential profile (i.e.

ess ne gativ e slope in this panel). The sudden departure from the
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xponential shows as a ‘kink’ in the � profile, which is visible in the
ata at r ∼ 30 arcmin from the centre (blue circles). The � profile due
o tides is expected to approach a power-law of index −4, which is a
orizontal line of � = −4 (Jaffe 1987 ; White et al. 1987 ; Pe ̃ narrubia
t al. 2009 ). 

These departures from an exponential profile are also visible in the 
 -body simulations from P08 (see the top-left panel of their Fig. 4),

caled to the same elliptical distance as the observational ‘kink’ 
adius. No-tide and tidally perturbed models are shown with the 
ashed and dot–dashed curv es, respectiv ely. As e xpected, the tidal
odel follows the R 

−4 power-law in the outer regions, ending at a
break’ radius where the � profile flattens and � is expected to show
 sudden upturn. In the simulations, the ‘break radius’ is located at
00 arcmin, farther still than the position of the outermost candidate 
ember. We emphasize that presence of a ‘kink’ and the power-law 

rofile ( � = −4) are not expected in models where the excess stars in
he outskirts are a result of gas outflows or mergers (e.g. Pe ̃ narrubia
t al. 2009 ; Ben ́ıtez-Llambay et al. 2016 ). The presence of a ‘kink’
nd a ‘break’ therefore fa v ours a tidal interpretation. 

The ‘break’ radius is located where the local crossing time equals 
he time elapsed since the last pericentric passage. The relation from
e ̃ narrubia et al. ( 2009 ) can then be used to predict the observational
break’ radius in UMi. 14 Adopting the smallest time since the last
ericentric passage ( t peri = 0.93 Gyr, Battaglia et al. 2022 ), we find
 ‘break’ radius r b ∼ 225 arcmin ( ∼5 kpc or ∼13 r h ). This value is
lose to the tidal radius inferred by Pace et al. ( 2020 , 5–6 kpc) and
lightly larger than the position of our outermost star. The majority 
f stars within the ‘break’ radius are bound, which implies that our
argets are still bound to the system. 

Very recently, Sestito et al. ( 2023b ) disco v ered a similar excess
n the surface density profile of Sculptor and performed the same 
 x ercise to test for Galactic tides in the system. They also discuss
hat this excess is of tidal origin rather than an innate feature of the
ystem. In fact, they tested this scenario for the case of Fornax
Borukho v etskaya et al. 2022 ; Yang et al. 2022 , and references
herein), a system largely expected to have been unaffected by 
ides. The authors find that the surface number density profile of
ornax is well described by an exponential function even at very 

arge distances. Based on the existence of a ‘kink’ in UMi, the R 

−4
uter profile, and the potential existence of a ‘break’ (to be confirmed
y extending the profile beyond ∼200 arcmin) we conclude that the 
uter profile of UMi is a result of the effect of Galactic tides. 

 C O N C L U S I O N S  

 new Bayesian algorithm (Jensen et al. 2023 ) was used to find
ew members in the very extreme outskirts of the dwarf galaxy, 
Mi. Five targets were selected for high-resolution spectroscopy 
ith GRACES at Gemini North . For all five stars, we determine
recise RVs and metallicities; for the brightest and farthest target in 
rojection (Target 1), the higher SNR of our GRACES spectrum also 
ermitted a detailed chemical abundance analysis. With the use of 
ata from the literature and APOGEE DR17, we find that: 
4 r b = C · σ v · t peri , where C is a coefficient ( = 0.55), σ v is the velocity 
ispersion of the system (9 . 5 km s −1 , see Table 1 ), and t peri (Gyr) is the 
ime since the last pericentric passage. For the latter, Battaglia et al. ( 2022 ) 
rovides three values according to their different potentials, t peri = 3.61 Gyr 
or the MW + LMC, t peri = 2.03 Gyr for the isolated heavier model, and 
 peri = 0.93 Gyr for the isolated lighter model. 

W  

t
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i  

a  
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(i) The Bayesian algorithm from Jensen et al. ( 2023 ) is very
fficient at finding new members, even at very large elliptical 
istances. All five candidates are new members of UMi, according 
o their RVs and metallicities (see Fig. 5 ). 

(ii) UMi extends at least out to a projected elliptical distance of
12 r h , which corresponds to ∼4.5 kpc for an adopted distance of

6 kpc. 
(iii) The chemical properties of Target 1 (see Fig. 4 ), the most

istant member disco v ered so far, are compatible with the o v erall
istribution of the known UMi members from high-resolution spec- 
ral analysis. 

(iv) The low [Ca, Na/Mg] and the low [Ba/Fe] of Target 1 suggest
hat the star formed in an environment polluted by low-mass SNe II
 M prog ∼ 30 M �, see Figs 6 and 7 ). The star is likely exiled by tidal
orces and/or SNe feedback. 

(v) UMi is also clearly polluted by SNe II and AGB stars given
he distribution of [Ba/Mg, Fe] as a function of [Mg, Fe/H] (see Fig.
 ). 
(vi) There is no trace of yields from PISNe, either alone or

ombined with Type II (see Fig. 7 ). 
(vii) Looking at all the UMi stars with high-resolution chemical 

nalyses, including those from APOGEE DR17, we conclude there 
s evidence of pollution by SNe Ia. There is a knee at [Fe/H] knee ∼

2.1 in the [Mg, O, Na, Ni/Fe] distributions (see Figs 4 and 9 ). 
(viii) The chemo-dynamical properties of UMi can be explained 

y an outside-in star formation and the following SNe Ia enrichment.
e propose this as a simpler scenario than a late-time merger event

etween two very similar systems (see Section 7.3.1 ). 
(ix) The surface density distribution and its logarithmic deri v ati ve

see Fig. 10 ) clearly show that UMi is perturbed by tidal forces
tarting from a projected distance of ∼30 arcmin, the ‘kink’ radius. 

(x) The distance of the outermost member is inside the break 
adius (calculated here as � 225 arcmin), therefore, Target 1 is still
ound to UMi. 
(xi) We find two new UMi members at a distance of ∼7 r h in

POGEE DR17 (Section 2.1 and Fig. 1 ). As their metallicities are
t the edge of the APOGEE grid ( ∼−2.4), their true [Fe/H] may be
ower and their chemical ratios might be affected. 

In the very near future, the Gemini High resolution Optical Spec-
rograph (Pazder et al. 2016 ) will be operative at Gemini South . It
ill co v er a wider spectral region than GRACES, especially towards

he blue where many spectral lines of heavy elements are found (see
ayes et al. 2023 and Sestito et al. 2023c ). In synergy with Gaia

atellite and the powerful Bayesian algorithm for target selections, 
t should be possible to disco v er a plethora of new members in the
entre and extreme outskirts of this and many other ultra-faint and
lassical dwarf galaxies to study their SFHs. This will be a giant
eap forward for detailed studies of low-mass systems, and both 
bservational and theoretical near field cosmological investigations. 
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PPENDIX:  O R B I TA L  PA R A M E T E R S  F O R  U M I  

n this section, we want to test the gravitational potential so far
sed for kinematical studies in the disc and the halo of the Milky
ay (e.g. Sestito et al. 2019 , 2020 ; Lucchesi et al. 2022 ). We make

se of GALPY 

15 (Bovy 2015 ) to infer the pericentric, apocentric,
nd Galactocentric distances of UMi. The choice on the isolated
ravitational potential and on all the other assumptions (e.g. distance
nd motion of the Sun, etc.), the orbital integration time, and the
eri v ation of the uncertainties mirror the method fully described in
estito et al. ( 2019 ). The code is run on the sample of stars from
pencer et al. ( 2018 ), Pace et al. ( 2020 ), and our five new targets.
he system’s orbital parameters are obtained from the median of

he sample. The uncertainties on the system parameters are derived
ividing the dispersion by the square root of the number or stars in the
ample. The inferred quantities are compared with the values from
he literature (Li et al. 2021 ; Battaglia et al. 2022 ; Pace, Erkal &
i 2022 ), in which a variety of MW gravitational potentials were
dopted. In particular, Li et al. ( 2021 ) make use of four isolated MW
ravitational potential, one NFW dark matter halo ( PNFW ) and three
ith Einasto profiles ( PEHM , PEIM , and PELM ). Battaglia et al.

 2022 ) adopted two isolated MW profiles ( LMW and HMW ) and
ne perturbed by the passage of the Large Magellanic Cloud (LMC,
.e. PMW ). Pace et al. ( 2022 ) used two gravitational potentials, one
n which the MW is isolated ( MW ), and the other perturbed by the
MC ( MW + LMC ). Both Battaglia et al. ( 2022 ) and Pace et al.
 2022 ) make use of NFW dark matter profiles. 
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http:// github.com/jobovy/ galpy 
igure A1. Orbital parameters for UMi. The red, green, and blue verti-
al bands are the pericentric ( R peri = 57 . 23 + 0 . 48 

−0 . 83 kpc), apocentric ( R apo =
2 . 67 + 2 . 17 

−0 . 41 kpc), and Galactocentric distances ( R GC = 77 . 55 + 0 . 02 
−0 . 03 kpc) in-

erred in this work. To infer the orbital parameters, we use the Spencer
t al. ( 2018 ) and Pace et al. ( 2020 ) compilation. Vertical lines are their
edian values, while shaded area are the interval between the 0.16 and 0.84

uantiles. The blue horizontal arrow departing from the vertical line of the
alactocentric distance represents the direction of the Galactocentric RV.
ericentric and apocentric distances from the literature are represented by red
nd red green, respectively. Tick labels in the y -axis indicate the studies from
hich the potentials have been taken, including: L21 (Li et al. 2021 ), B22

Battaglia et al. 2022 ), and P22 (Pace et al. 2022 ). 

In Fig. A1 , we show a range of orbital parameters for UMi
this is an update to the original results shown by Mart ́ınez-

arc ́ıa, del Pino & Aparicio ( 2023 , their fig. 7) for a range of
ravitational potentials. We add our inferred orbits with uncertainties
shaded areas) rather than the median of the literature values. The
alactocentric position of UMi is closer to its apocentre, yet the blue

rrow indicates the system is moving towards its pericentre. The
nferred orbital parameters are in broad agreement with the results
rom the variety of gravitational potentials adopted in the literature
o far. In particular, the apocentre ( R apo = 92 . 67 + 2 . 17 

−0 . 41 kpc) is similar
o the ones inferred assuming a more massive dark matter halo, such
s the PEHM from Li et al. ( 2021 ), HMW from Battaglia et al.
 2022 ), or MW + LMC and MW from Pace et al. ( 2022 ). While the
ericentric distance ( R peri = 57 . 23 + 0 . 48 

−0 . 83 kpc) is very different from
he one inferred with the PMW from Battaglia et al. ( 2022 ), PEIM
nd PELM from Li et al. ( 2021 ). The pericentre variation is narrower
mong different potentials, although we can observe our inference is
uch less in agreement with HMW and PMW from Battaglia et al.

 2022 ). 
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